We characterize the crystalline-silicate content and spatial distribution of small dust grains in a large sample of protoplanetary disks in the Taurus-Auriga young cluster, using the Spitzer Space Telescope mid-IR spectra. In turn we use the results to analyze the evolution of structure and composition of these 1-2 Myr old disks around Solar-and later-type young stars, and test the standard models of dust processing which result in the conversion of originally amorphous dust into minerals. We find strong evidence of evolution of the dust-crystalline mass fraction in parallel with that of the structure of the disks, in the sense that increasing crystalline mass fraction is strongly linked to dust settling to the disk midplane. We also confirm that the crystalline silicates are confined to small radii, r 10 AU. However, we see no significant correlation of crystalline mass fraction with stellar mass or luminosity, stellar-accretion rate, disk mass, or disk/star mass ratio, as would be expected in the standard models of dust processing based upon photoevaporation and condensation close to the central star, accretion-heating-driven annealing at r 1 AU, or spiral-shock heating at r 10 AU, with or without effective large-scale radial mixing mechanisms. Either another grain-crystallizing mechanism dominates over these, or another process must be at work within the disks to erase the correlations they produce. We propose one of each sort that seems to be worth further investigation, namely X-ray heating and annealing of dust grains, and modulation of disk structure by giant-planetary formation and migration.
INTRODUCTION
The solid denizens of the solar system are thought to have formed during the first 10 Myr or so of the solar system's life, from within the circum-solar protoplanetary disk. Precisely when and how this occured are major unanswered questions within the domains of astrophysics and planetary science. Clues to the identity of the relevant processes have long been sought in observations of the mid-IR (λ = 5-50 μm) emission features of small silicate dust grains in protoplanetary disks in young stellar objects (YSOs), as these contain evidence of the conversion of originally amorphous, submicron interstellar grains into much larger, partially crystalline rocks. Crystallization may also trace other processes that are harder to detect unambiguously, such as dust-grain growth.
The two processes usually thought to be most important in the conversion of pristine, interstellar dust grains to minerals are the following (see e.g., Wooden et al. 2005 ).
1. Evaporation of the original grains, and re-condensation under conditions of high temperature and density, such that the products resemble those of chemical equilibrium (Grossman 1972; Gail 2001 Gail , 2004 ). This in turn favors magnesium-silicate minerals and metallic iron. Suitable conditions (T > 1200 K) are found only in close proximity to the central star, and are produced by stellar and stellaraccretion luminosity. 2. Annealing of the grains at temperatures somewhat below their sublimation points (800-1200 K), such as can be found at r 1 AU when viscous heating of the disk by accretion processes is substantial (Nuth et al. 2000; Gail 2001; Bockelée-Morvan et al. 2002; Wehrstedt & Gail 2002) ; or as can be produced over the central 10 AU by spiral density wave shocks which grow from fluid-mechanical instabilities in the disk (Harker & Desch 2002) .
If the source of crystalline silicates is in the inner disk (r 1 AU), a mechanism for large-scale radial mixing of the grains is also required to match the distribution of crystallinesilicate grains in the solar system's remaining primitive material and the profiles of silicate features in protoplanetary disks. Leading candidates for the radial grain-transport method include turbulent diffusion within the disk, with (Boss 2004) or without (Gail 2001; Bockelée-Morvan et al. 2002; Wehrstedt & Gail 2002; Ciesla 2007) convection, large-scale meridional flows in an α-disk (Keller & Gail 2004) , and reflux of material (Wenrich & Christensen 1996) , orthoenstatite (Jaeger et al. 1998) , and forsterite (Fabian et al. 2001) . At bottom, for comparison, is an ISO SWS spectrum of comet Hale-Bopp (Crovisier et al. 1997) .
(A color version of this figure is available in the online journal.) ejected from the inner disk by an X-wind (Shu et al. 1996 (Shu et al. , 2001 . Turbulent diffusion and meridional flows would work as long as the disk is not broken by gaps cleared by planets; the X-wind method works as long as the object drives a vigorous outflow. Spiral-shock heating does not require an accompanying radial transport mechanism. There is currently no direct observational confirmation of any of these formation and distribution mechanisms, and there may be viable alternatives.
The great sensitivity of the Spitzer Space Telescope (Werner et al. 2004 ) permits the observation of large samples of spectra of YSOs that are complete at small stellar masses. Thus, we can explore the degree of dust-grain crystallization over a wide range of other properties of the systems, to search thereby for the relation of crystallization to the structure of the disk, and the relative importance of the mechanisms of crystallization and mixing. Here, we report such a search for trends involving dust-grain emission features, in a large, coeval sample of protoplanetary disks around stars of solar mass and smaller. We use the results of our Spitzer Infrared Spectrograph 11 (IRS; Houck et al. 2004 ) survey of members of the Taurus-Auriga YSO cluster (Forrest et al. 2004; d'Alessio et al. 2005; Calvet et al. 2005; Furlan et al. 2005 Furlan et al. , 2006 Sargent et al. 2006 ).
OBSERVATIONS AND DATA REDUCTION
The observations are described in more detail by Furlan et al. (2005 Furlan et al. ( , 2006 . The present targets are 84 classical T Tauri stars with Class II IR spectral energy distributions; all lie within the Taurus cloud, to which we adopt a distance of 140 pc (Kenyon 11 The IRS was a collaborative venture between Cornell University and Ball Aerospace Corporation funded by NASA through the Jet Propulsion Laboratory and the Ames Research Center. & Hartmann 1995) . All of the spectra were obtained in 2004 February, March and August, using Spitzer-IRS. We covered the full 5.3-38 μm IRS spectral range for all targets. Both orders of the IRS short-wavelength, low-spectral-resolution (SL) spectrograph were always used, in combination with either both orders of the long-wavelength, low-spectral-resolution spectrograph (LL), or, for targets brighter than 600 mJy at λ = 12 μm, both the short-wavelength (SH) and long-wavelength (LH) high-resolution spectrographs. The observations were designed to achieve a signal-to-noise ratio (S/N) of at least 50 per spectral resolution element throughout the full wavelength range-that is, S/N equal to the IRS specification for flat-field accuracy.
All data reduction was carried out with the SMART software package developed by the IRS instrument team (Higdon et al. 2004) , along with software automation of our own devise. We began with the Spitzer Science Center IRS data pipeline, version S13.2: the Basic Calibrated Data (BCD) product for low-resolution spectra and the nonflat-fielded "droop" product for high resolution. Permanently bad detector pixels, and "rogue" pixels for which responsivity and noise are strongly illumination dependent, were identified in Spitzer facility darkcurrent measurements made during the first two years of observatory operation and were repaired by interpolation of signals from neighboring, undamaged pixels displaced in the dispersion direction within the two-dimensional spectral images. Sky emission in the off-target orders was subtracted from the ontarget SL and LL observations. In our SH and LH observations, sky emission is negligible compared to object emission, as we verified by inspection of small raster maps (Furlan et al. 2006) , so no sky emission was subtracted in these cases. We extracted point-source spectra from the SL and LL spectral images, using a variable-width window matched to the IRS point-spread function (Sargent et al. 2006, henceforth S06) . Full-slit extraction sufficed for the SH and LH spectra. Identically prepared spectra were made for two standard stars, α Lac (A1V) for SL and LL, and ξ Dra (K2III) for SH and LH. Relative spectral response functions (RSRFs) were made by dividing these spectra into the template spectra corresponding to the stars (Cohen et al. 2003; M. Cohen 2004, private communication) . Multiplication of RSRFs by our target spectra, nod-position-by-nod-position, and then averaging of the nods, completed the calibration process. Finally, as unresolved spectral lines were rarely present, we convolved and re-binned all SH and LH spectra to the same resolution and sampling as SL and LL. The resulting spectrophotometric uncertainty is 2-5%, as we estimate by comparison of the propagated noise-based uncertainties, the differences between nodded observations, and comparison with mid-IR photometric measurements in the literature.
ANALYSIS: EXTRACTION OF EMISSION FEATURES AND DERIVATION OF CRYSTALLINE INDICES

Identification of the Major Emission Features
The spectra exhibit a wide variety of solid-state features from small dust grains, superposed on the smooth continuum produced by each object's optically thick, flared, protoplanetary disk. A good example, the spectrum of IS Tau, appears in Figure 1 . Several other examples, chosen to illustrate the full range of the emission features, appear in Figure 2 ; the complete collection is shown in the online-only supplementary material and is also shown in somewhat different form by Furlan et al. (2006) . Besides the broad signatures of amorphous silicates, Figure 2. Example silicate-feature spectra from our Taurus mid-IR spectral survey. The calibrated spectrum is in red; in blue are the points used for the polynomial baseline fit, and the fit baseline itself is shown in a dotted blue line. In green is the equivalent width per channel-the spectrum, minus the baseline and divided by the baseline, scaled arbitrarily for the display. The dotted black line is the composite equivalent width per channel spectrum that represents "pristine" (interstellar-like, submicron, amorphous silicate) grains, with the two silicate features scaled independently to match those from the target spectra at 9.9 and 21.7 μm. As discussed in Section 3.2, the "pristine" features themselves are the averages of those features in LkCa 15 and UY Aur. The full width at half-maximum of the 10 μm feature is indicated by magenta bars. Spectra have been chosen to illustrate the wide variety of crystalline content among the sample objects: from grains that are dominated by olivines, pyroxenes and silica (V955 Tau and IRAS 04187+1927), to grains with smaller concentrations of minerals (IRAS F04192+2647 and DR Tau) , to grains with silicate features indistinguishable from those of interstellar grains (UY Aur and LkCa 15). Also included are two examples of unusual spectra: those of ZZ Tau, showing that its emission is heavily dominated by silica, and of UX Tau A, in which the silicate features are joined by PAH features at 11.2, 12.0, and 12.7 μm. The complete set of 84 Taurus Class II spectra, presented in the same manner, is available in the online-only supplementary material.
(An extended version of this figure is available in the online journal.) which peak at 9.7 and 18 μm, we see relatively sharp features associated with several silicon-bearing minerals. Especially and frequently prominent are features characteristic of the simplest olivine minerals (Mg 2x Fe 2[1−x] SiO 4 ), centered at wavelengths 10. 0, 10.8, 11.1, 12.0, 16.5, 19.0, 23.0, 23.7, 28.1, and 33.6 μm. Usually, the peaks line up very well with those of forsterite, Mg 2 SiO 4 , as shown in Figure 1 . So do the similar features seen in spectra of other kinds of primitive subplanetary bodies such as that of comet Hale-Bopp, also shown in Figure 1 . However, and in contrast to this cometary spectrum, our sample objects typically also exhibit features of two other mineral families: the simplest pyroxenes (Mg x Fe [1−x] SiO 3 ), especially via a peak at 9.3 μm, and silica (SiO 2 ), which is most conspicuous as a narrow feature at 12.5 μm, and as a shoulder on the shortwavelength side of the 10 μm complex, at about 8.6 μm. As shown in Figure 1 , the positions of the strongest features of these species agree rather well with those of orthoenstatite (MgSiO 3 ) and α-quartz.
The presence of these minerals is nothing new in itself. Olivines and pyroxenes in the dust of massive, deeply embedded YSOs have been studied for quite some time (e.g., Knacke et al. 1993; Malfait et al. 1998; Bouwman et al. 2001) , and have been seen more recently in many low-mass YSOs like those in the present sample (e.g., Alexander et al. 2003; Przygodda et al. 2003; Meeus et al. 2003; Kessler-Silacci et al. 2005 Honda et al. 2006 ). Silicas are not as frequently studied, but are far from unknown (e.g., Honda et al. 2003; Uchida et al. 2004; S06; Bouwman et al. 2008) .
Two examples of more unusual spectral features are also shown in Figure 2 . In the survey, targets with the strongest 12.5 μm silica features, as in ZZ Tau (Figure 2 ), the relative strengths of the three major silica features at 9.2, 12.5 and 20 μm are not often well explained by α-quartz. This might indicate a different polymorph of SiO 2 , such as tridymite or cristobalite (e.g., Speck 1998), or the effect of grain size or shape; we explore this possibility in a separate paper (Sargent et al. 2009 ). In UX Tau A (Figure 2 ), the 10 μm silicate complex is joined by sharp but spectrally resolved features at 11.3, 12.0, and 12.7 μm, evidently the family of C-H out-of-plane bending modes of polycyclic aromatic hydrocarbons (PAHs). This is strange in two respects. First, PAH features are commonly seen in intermediate-mass YSOs, such as Herbig Ae stars (van Boekel et al. 2005; Sloan et al. 2005; Keller et al. 2008) , that can provide abundant ultraviolet excitation for the molecules; with spectral type K5, UX Tau A is much cooler than is common for young stars with PAH emission spectra. Second, PAH features at 6.2, 7.7, and 8.6 μm appear in the spectra of more-massive YSOs (e.g., in V892 Tau, AB Aur, and SU Aur; Furlan et al. 2006) , and are usually much brighter than the 11-13 μm features, but are weak or absent in the spectrum of UX Tau A.
Spectra of members of our sample have been produced by many other observers. The largest current collection of overlapping measurements is that by Honda et al. (2006; henceforth H06) , whose ground-based spectroscopic observations in the 8-13 μm atmospheric window covered 24 of the 84 objects on our list. There are, unfortunately, major differences between the present spectra and those by H06. Leaving aside three multiplestar systems which H06 could resolve spatially and we could not, there are 18 objects to compare, 12 of which were observed by H06 within two months of our observations. Of these, only two of the H06 spectra (those of CZ Tau and IQ Tau) agree with ours within the uncertainties, and even in these there are significant differences in the silicate profiles. The other 16 H06 spectra are quite different in the flux-density level and silicate profile from ours. Unresolved multiplicity (along with the larger size of the IRS entrance slit) cannot account for the differences, as the vast majority of these objects have been imaged at IR wavelengths with 0.05-0.1 arcsec resolution, and all companions so discovered are accounted for in our comparison. Nor can intrinsic variability plausibly explain the differences. There is no tendency for the 12 H06 observations within two months of ours to agree better than the six taken two years earlier. The median magnitude difference between the spectra at a wavelength of 8 μm is 0.24 mag, and variation at this wavelength and on this scale is seen in only 1-2% of Class II objects in the similar Cha I cloud (see e.g., Luhman et al. 2008) . Also, 11 of the overlapping Taurus objects have been observed with Spitzer-IRS in five epochs over 1.5 years starting with the observations we discuss here. With the possible exceptions of the famously variable DG Tau and RY Tau, none of the other vary within the IRS band by enough to account for the difference between the present spectra and those in H06 (J. Bary 2008, private communication; J. M. Leisenring et al. 2008, in preparation) .
Objects with "Pristine," Interstellar-Like, Dust Emission Features
Only five of the survey targets lack any evidence of minerals, presenting silicate-feature profiles indistinguishable from those of interstellar dust. Three of the five are the transitional-disk objects CoKu Tau/4, DM Tau, and GM Aur, in which extremely dust-free, several-AU-scale, central clearings or radial gaps are inferred from the absence of IR excess at the shorter IRS wavelengths. As we have discussed elsewhere (Forrest et al. 2004; d'Alessio et al. 2005; Calvet et al. 2005) , the interstellarlike silicate profile is explained naturally in a leading scenario for the formation of the clearings: the gravitational action of a giantplanetary (or, in the case of CoKu Tau/4, stellar) companion, which rapidly drives the warmest (and perhaps most thoroughly processed) parts of the disk toward the star to be accreted or ejected, and leaves behind the distant, outer disk, in which no significant dust-grain processing has yet taken place. We have modeled the composition of dust in these systems (S06) and obtained upper limits on the mass fraction of crystalline silicates below the best upper limits for the interstellar medium, 1-1.5% (Min et al. 2007) .
The other two objects with essentially interstellar-like silicate profiles are LkCa 15 and UY Aur (Figure 2 ). These objects have IR excesses at all IRS wavelengths, and therefore have optically thick disks with inner edges very close to their central stars. As they are bright and the quality of their spectra is high, we have adopted LkCa 15 and UY Aur as exemplars of emission from amorphous, submicron, interstellar-like (henceforth "pristine") dust grains. A few other members of the sample (e.g., FM Tau) have silicate features nearly as pristine.
The existence of objects like LkCa 15 and UY Aur-disks a million years old with inner edges near their central stars, Flux density (Jy) Figure 3 . Outline of the crystalline-silicate index extraction, using the spectrum of IS Tau as an example. In each frame is a calibrated spectrum, baseline fit, equivalent width per channel, and composite pristine spectrum, presented in the same manner as in Figure 2 . The green bars are the bands within which the equivalent width per channel is summed for the indices centered at 9.2, 9.9, 11.1, 12.5, 21.7 and 33.6 μm, reading from left to right.
Crystalline Dust Emission Features and Crystalline Mass Fraction Indices
We detect silicate and silica emission features from an optically thin layer of dust on the nearer surface of the disk, heated by starlight to temperatures higher than the opaque disk beneath. That the layer is optically thin, and the emission thermal in origin, means that an emission-feature flux is proportional to the column density of the species that gives it rise, and thus that the fluxes can be used to determine the relative abundances or mass fractions of the optically thin dust's components. We explore in the following the dependence of crystalline abundances on other properties of the present Class II YSO systems, in search of the mechanism of the processing that has led to the partial crystallization.
In principle, the crystalline mass fractions can be determined by fitting the spectra with physical models of the disks and their optically thin "atmospheres" in combination with laboratory optical constants of the dust components. With various simplifying assumptions, this technique has been applied to silicate emission in the spectra of Class II objects and Herbig Ae/Be stars by many previous workers (e.g., Przygodda et al. 2003; Meeus et al. 2003; van Boekel et al. 2005; Kessler-Silacci et al. 2005; Bouwman et al. 2008) . We have used it in models of the 10 μm complex for 10 of the present objects (S06). Such models are difficult to construct, as there are many details of grain shape, size and porosity of composition (e.g., Mg/Fe relative abundance), and of radial and vertical structure of the disks, for which we must account.
However, we have enough information at present to construct good proxies for the crystalline mass fractions, in the form of indices based upon the contrast of the various dust emission features. These indices are relatively easy to calculate and can be used reliably to search for trends. This alternative has been fruitful before in the analysis of Class II YSO spectra (e.g., Kessler-Silacci et al. 2005 and Herbig Ae/Be stars (e.g., Bouwman et al. 2001; van Boekel et al. 2003) .
In Figure 3 , we illustrate the calculation of the crystallinesilicate indices that we have found useful in this case. First, we fit a smooth curve-a fifth-order polynomial in wavelengthto the ranges in the observed flux density (F ν ) spectrum within which dust-feature emission is small (5.61-7.94 μm, 13.02-13.50 μm, 14.32-14.83 μm, 30.16-32.19 μm, and 35.07-35.92 μm) , thus producing a continuum flux-density spectrum F ν,C . From this we construct a quantity that we may call the equivalent width per channel, W ν :
In Useful indices of crystalline-species relative abundance can be constructed by comparison of a feature in a spectrum with the same ratio in the pristine reference spectrum. We define indices for the strongest features of pyroxenes, olivines and silica in the 10 μm complex, lying respectively at wavelengths λ P , λ O , λ S = 9.21, 11.08, and 12.46 μm, by using ratios to the values of W ν near the peak of the pristine silicate feature, λ R = 9.94 μm, integrated over a frequency range equivalent to 2Δλ = 0.545 μm, and divided by the same ratios for the "pristine-dust" reference spectrum, W ν,0 , as shown in Figure 3 :
(2) An index thus approaches unity if the emission feature approaches the pristine profile and increases above unity with increasing prominence of a crystalline signature above the pristine profile. We will refer henceforth to the indices P 10 , O 10 , and S 10 as the 10 μm pyroxene, olivine, and silica indices, respectively.
In Figure 4 , we plot the orthoenstatite, forsterite, and large grain (5 μm) abundances determined from the 10 μ m silicate complex in 12 Class II objects (10 in Taurus) by S06, against the pyroxene and olivine indices, P 10 and O 10 , calculated from the same spectra. The correlations evident in this plot demonstrate that the indices P 10 and O 10 are good tracers of the fraction of silicates of pyroxene and olivine composition that subsist in crystalline form, and are not good tracers of the fraction of solid material present as large grains. We expect that the same would prove true of the silica index S 10 , but too few of the objects modeled by S06 have silica features to make a comparison useful.
A rather stronger correlation between the O 10 index and the large-grain mass fraction would be obtained if we use the opacity-modeling results by H06. These authors obtain systematically larger mass fractions in large grains, modeling their own observations, than do S06, modeling Spitzer-IRS observations of the same population of objects. This seems mostly to be a result of the substantial differences between the H06 observations and ours, as discussed in Section 3.1, rather than any difference in the modeling methods of H06 and S06. It also seems likely that some of the difference between the dust composition derived in H06 and S06 arises from the restriction of the H06 observations and models to a smaller wavelength range than our spectra, and in particular from H06 not having access to the 13-15 μm range where the silicateemission minimum lies. Thus, any correlation of our O 10 index with large-grain mass fractions inferred from the H06 results would need to be regarded with caution.
Similar indices can be defined for the crystalline-silicate features superposed on the 18 μm complex. However, in this case we also have recourse to the 33.6 μm emission feature of forsterite, the only crystalline-silicate feature in our spectra that is distinct from the 10 and 18 μm complexes, and this turns out to render indices constructed from the 16 to 28 μm features somewhat redundant. We define an index O 33 for this feature based upon a ratio to one of the stretches of the 18-μm complex that has no strong crystalline features evident, the 1.53 μm wide band centered on λ = 21.7 μm. O 33 is calculated in analogy with Equation (2), using λ R = 21.7 μm. We do not, however, normalize O 33 to the pristine profiles, since this would involve dividing by a number approaching zero: the pristine exemplars have essentially zero silicatefeature emission at 33.6 μm. Unlike the other indices, this long wavelength olivine index thus approaches zero as the silicate profiles approach the pristine ones and increases with increasing prominence of the 33 μm olivine feature relative to the underlying pristine component of the 18 μm complex. Table 1 shows a list of the crystalline indices P 10 , O 10 , S 10 , and O 33 , the equivalent widths of the 10 and 18 μm complexes and the 33.6 μm feature, W 10 , W 20 , and W 33 , and the full width at half-maximum of the 10 μm complex, Δλ 10 , together with the uncertainty in each quantity as propagated from the uncertainties in each spectrum, for each of the systems in our study. The rather large range of crystalline indices is illustrated with histograms in Figure 5 . Furlan et al. (2005 Furlan et al. ( , 2006 have defined continuum spectral indices, n 6−13 and n 13−25 , for this collection of objects, from their emission at wavelengths nearλ = 6, 13, and 25 μm:
Continuum Spectral Indices
for which there are no strong spectral features, and for which the slope of the spectrum indicates that the emission is heavily dominated by the optically thick disk (see e.g., Hartmann 1998) . The relationship between these continuum indices has been shown by Furlan et al. (2005 Furlan et al. ( , 2006 ; see also d' Alessio et al. 2006) to reveal the depletion of dust from the higherelevation portions of the disk, or, in other words, to indicate the degree of settling of dust to the midplane. In particular, Furlan et al. (2005 Furlan et al. ( , 2006 show by comparison with grids of detailed models that smaller values of n 13−25 among the 
Notes.
a Uncertainties in the crystalline indices are calculated by adding in quadrature the values of standard deviation of the mean of W ν within each index's wavelength, after removing a low-order polynomial fit to the points within each index's band. b Uncertainties in the equivalent widths are determined from the measured noise in W ν , in each spectral channel that comprise the feature, after smoothing by the spectral resolution, by adding these noises in quadrature. The noise in each channel is determined either from the standard deviation of the mean, for observations comprised of more than one nod-pair cycle, or set to half the difference between the independent measurements, for observations with only one nod pair of spectra. c In these objects, difficulties associated with stellar multiplicity or interfering spectral features prevent reliable calculation of certain indices, which are therefore left blank. (This table is also available in a machine-readable form in the online journal.)
sample correspond to the "most-settled" disks, with dust-togas ratios at the highest elevations smaller by 2-3 orders of magnitude than in the disks with the largest values of n 13−25 . We present here another, analogous, index, n 13−31 . This index involves a longer-wavelength band, at 30.16-32.19 μm, chosen to avoid all significant amorphous or crystalline-silicate emission features over the continuum from the optically thick disk. Like n 13−25 , n 13−31 tracks the scale height of dust and varies inversely with the degree of sedimentation of the disk; as we will see, it behaves the same as n 13−25 in most other respects as well. All three continuum spectral indices are presented in Table 2 .
DISCUSSION: TRENDS AMONG THE SPECTRAL FEATURES AND THE PROCESSING OF DUST
Properties of the Stars and Disks in the Present Sample
The 84 YSOs in the present sample are T Tauri stars that have IR excesses with Class II spectral indices, most of which are well studied at many wavelengths. They are described in more detail by Furlan et al. (2006) . About half of them are known to belong to multiple-star systems, and the other half are currently thought to be single stars. Reliable spectral types have been determined for most of them. All but a few have strong emission lines (i.e., are classical T Tauri stars) within significantly veiled visible and near-IR (NIR) spectra, from which mass accretion rates have been derived. Recent submillimeter continuum observations have been used to estimate the masses of most of their protoplanetary disks (Andrews & Williams 2005) .
Values for luminosity and mass can be found for many of the stars in numerous publications. In order to ensure that the masses and luminosities that we use in the following have been obtained in a consistent fashion, we have by standard means rederived these quantities from the spectral types and from visible and NIR (Two Micron All Sky Survey) broadband photometry. We have first estimated the extinction toward the stars from their V − I or V − J colors, assuming this extinction to be due to diffuse interstellar dust with total-to-selective-extinction ratio, R V = 3.1 (Cardelli et al. 1989; Mathis 1990 ). Then we used each star's corrected visible and NIR magnitudes and spectral type to estimate its luminosity and effective temperature. From comparison of these results to theoretical stellar-evolutionary tracks and isochrones, and an assumed uncertainty of a quarter of a spectral class, we estimated the age of the Taurus population and interpolated the mass and an associated uncertainty for each star. This last step is illustrated in the H-R diagram shown in Figure 6 , in which the stellar absolute magnitudes and effective temperatures are plotted along with pre-main-sequence isochrones and tracks by Siess et al. (2000) . As many have done before us, we interpret this diagram as that of a stellar cluster formed over a time interval smaller than the typical stellar age, with scatter in the luminosity direction due to variation in uncorrected selective extinction and accretion power, and to undetected multiplicity. We take the typical age from the center of the distribution in Figure 6 to be 2 Myr, and use the corresponding isochrone to interpolate masses for the stars. As a check, we also compare in Table 3 stellar masses computed as above with the masses of six single stars-BP Tau, CY Tau, DL Tau, DM Tau, GM Aur, and LkCa 15-determined from Figure 6 . Luminosity-effective temperature relation for our Taurus sample, compared with isochrones and stellar tracks for 1-5 Myr ages calculated by Siess et al. (2000) .
the kinematics of the disks around these stars (Simon et al. 2001 ). Good agreement is thereby found; the average ratio of the masses is 0.97 ± 0.25. All of the parameters of the stars and disks we seek to compare with the dust properties are listed in Table 3 . The sample covers a considerable range of luminosity, accretion rate, estimated mass of disk relative to star, and stellar mass in the range 0.3-2 M , with high statistical significance.
Location of the Crystalline Silicates, and the Large Range of Inner-Disk Crystalline Mass Fraction in the Sample
The transitional disks around CoKu Tau/4 and DM Tau are free of small dust grains in their central regions (radii 10 AU and 3 AU, respectively), and also have relatively weak and pristinelooking 10 μm silicate features. S06 have noted this to be an indication that the crystalline silicates in the other disks are mostly confined to r 10 AU, as has been observed directly in Herbig Ae/Be disks by van Boekel et al. (2004) . Within the present sample, this suggestion finds support from the statistics of the longwavelength (20-38 μm) crystalline-silicate features. All of the objects with strong 10 μm silicate features have strong 18 μm features. However, although more than 90% of these objects also have strong 10 μm crystalline-silicate features, only about 50% have detectable 20-38 μm crystalline-silicate features. Thus, the domain of crystalline silicates is significantly smaller than that of the amorphous silicates, which in turn requires T ∼200 K, and radii within a few AU of a star, for the crystalline grains.
Though the range of ages within the sample is small compared to the average age (Kenyon & Hartmann 1995 ; see also Figure 6 ), we see a very large range of the 10 μm crystalline indices ( Figure 5 ) and infer a correspondingly large range in crystalline-silicate mass fraction in the inner disks. Objects such as IS Tau have inferred inner-disk crystalline-silicate mass fractions in the 80-100% range, while the "pristine exemplars" have less than 0.5%; yet in most respects besides crystallinity, these systems are similar today. Such a large range of crystalline mass fraction is hard to understand in terms of steady application of any of the dust thermal processing and mixing mechanisms that have been mentioned above (Section 1). Particularly vexing are the systems in which there are very few crystalline-silicate grains, such as LkCa 15, UY Aur, and FM Tau, as this would apparently require peculiarly low levels of crystallization and mixing activity through 1-2 Myr despite luminosity and accretion rate in the normal range.
Trends Among the Dust Emission Features: Crystallinity and Sedimentation
We have searched for correlations among the crystalline indices and widths derived from the spectra (Table 1) , the continuum spectral indices (Table 2) , and the global properties of the star-disk systems (Table 3) . Table 4 shows a list of linear correlation coefficients (Pearson's r) for all pairs (x, y) of these quantities:
and the probability p rand (r, N ) that the correlation could have been produced by a random distribution in a sample of the same size, N:
(see, for instance, Taylor 1997). Pairs of quantities linked with small p rand ( 1%) are significantly correlated; pairs linked with particularly large p rand are extremely unlikely to be related. The strongest correlations listed in Table 4 have |r| = 0.6-0.7, and are observed among pairs like mass-luminosity and W 10 − W 20 that are known to be correlated from other evidence. In Table 4 , one can see many significant trends between the indices and equivalent widths that we have extracted from the mid-IR spectra. Some of these trends are illustrated in Figure 7 , which contains several plots with the 10 μm olivine index, O 10 , as the independent variable. In general, we find that O 10 is strongly and positively correlated with the other 10 μm crystalline indices, and with the width of the 10 μm silicate feature, Δλ 10 . The crystalline indices are all negatively correlated with the equivalent widths, W 10 and W 20 , and with the continuum spectral indices, n 6−13 , n 13−25 , and n 13−31 . The longer-wavelength crystalline indices, here represented by O 33 , are also strongly and positively correlated with the shorterwavelength ones; curiously, O 33 is even more strongly correlated with P 10 than with O 10 .
From these trends, several firm conclusions emerge. First, the positive correlation among all of the crystalline indices indicates that the agent responsible for the crystallization of the initially amorphous material does not favor one mineral family over another, which would have given weaker correlation. The crystallization also must not involve much transformation or incorporation of one mineral into another, which would have given negative correlations among the indices. Second, the positive correlation between Δλ 10 and the crystalline indices, taken along with the typically high contrast of the narrow crystalline features, is consistent with the width of the 10 μm feature growing due to the appearance of the mineral features in small dust grains, along with whatever broadening of the profiles arises from the growth of grains to larger diameters ( 1 μm). That the width of the 10 μm feature can grow substantially without large dust grains can easily be demonstrated from labopacity-based grain models, as can be seen in the recent work by Voshchinnikov & Henning (2008) and Min et al. (2008) . Third, the negative correlations between the crystalline indices and the continuum spectral indices indicate that crystalline Notes. a When two masses are given, the first was determined from isochrones as in Section 4.1. The second is the mass determined from disk kinematics as revealed in molecular-line observations. The two are generally in good agreement. The latter should be regarded as more accurate, but for consistency with the other objects we use the former in our analysis. dust mass fractions are generally larger when more dust has settled to the disk midplane. 13 The latter is an encouraging sign that two important markers of protoplanetary-disk evolutiondust mineralization and sedimentation-track each other, but it begs the question of the process by which the dust is partially crystallized.
Disk-Structure Evolution, or Grain Growth?
Large particles settle to the midplane, within the optically thick disk, much faster than small ones (Goldreich & Ward 1973) . Thus, observations of the mid-IR emission features, which probe the optically thin disk "atmospheres," are strongly biased toward small grains. Nevertheless, such emission has 13 Such a trend between crystallinity and sedimentation has also been reported in a sample of six disks around brown dwarfs (Apai et al. 2005 ).
often been searched for signatures of dust-grain growth in efforts to find constraints on the timescale for planetesimal development, and some of the trends that appear in Table 3 and Figure 7 have previously been searched for, or noted, in this context.
In particular, the negative correlation that we observe between the 10 μm olivine index, O 10 , and the 10 μm silicate-feature equivalent width, W 10 , is the same as that reported by KesslerSilacci et al. (2006) for a sample of protoplanetary disks covering several young clusters. By comparison with the behavior of opacity in dust over a range of grain sizes, Kessler-Silacci et al. show that this trend is consistent with the growth of grains to a several-micron diameter, and conclude that the grain growth is what they observe. But this conclusion involves a tacit assumption that all the disks have the same shape (degree of flaring and sedimentation), so that any variation in W 10 can be attributed to a change in grain properties.
14 In fact, protoplanetary disks of a given age and type have a range of sedimentation, measured by the continuum spectral indices n 13−25 and n 13−31 (Furlan et al. 2005 (Furlan et al. , 2006 d'Alessio et al. 2006) , so they will have a corresponding variation of brightness of the dust component "atmospheres," measured by W 10 . As we have seen above, O 10 is also negatively correlated, and W 10 positively correlated, with n 13−25 and n 13−31 , so the trend between crystallinity and silicate-feature equivalent width can also be explained by small grains in disks with a range of dust settling to the midplane.
To illustrate this point, we compare our n 13−31 and W 10 data with values calculated from model protoplanetary disks in which the degree of sedimentation can be adjusted . In these models, we include only small (radius 0.25 μm) dust grains with interstellar-like opacity (Weingartner & Draine 2001) in the upper disk layers, taken to be that above a tenth of the local gas-pressure scale height. We vary several other system parameters over ranges appropriate for our Taurus sample: stellar mass M, luminosity L, and radius R; disk accretion rate dM/dt (assumed equal to the stellar-accretion rate dM star /dt); viscosity parameter α; disk axis orientation i with respect to the line of sight; and sedimentation parameter ε. The latter parameter is the dust-to-gas mass-density ratio in the upper disk layers, normalized to the standard interstellar dust/ gas mass ratio of 0.01. The results are shown in Figure 8 . There we see that most of the Taurus data are concentrated in the region of the plot around n 13−31 = −0.8 and W 10 = 1 μm, and are indicated by the models to have ε = 0.001-0.01,
• − 64
• , and α = 0.001-0.02. Almost all of the rest of the data points lie at larger n 13−31 and W 10 , and are encompassed by the models simply by extending the range of ε up to the interstellar value of unity. Apart from the known transitional disks, which are structurally different from the rest, only a halfdozen objects, with W 10 = 3 − 5 μm, lie outside the model range. These objects apparently possess a larger optically thin dust component than expected for their optically thick dust disk. Perhaps they, like the transitional disks, have a structure different from the rest; for example, they may have optically thin radial gaps. 15 Thus, much of the correlation between n 13−31 and W 10 reflects the range of sedimentation of submicron grains, not their growth to larger sizes. As the dust settles to the midplane, the starlightabsorbing surface is illuminated more obliquely, and the silicatefeature emission, by small dust grains in the optically thin upper layers of the disk, decreases relative to the emission by the cooler, optically thick disk underneath. Surely grains do grow as the dust settles to the midplane and the disk structure changes, but this process is not evident in any of the indices that we have constructed. A better way to search for grain growth is by detailed modeling of silicate-feature profiles with mineral opacities, such as that undertaken by S06, H06, van Boekel et al. (2005 ), or Bouwman et al. (2001 ; we will present such results for the present sample in a future paper (Sargent et al. 2009 ).
14 This also involves an assumption that other aspects of grain structure, like porosity (Voshchinnikov & Henning 2008) , do not significantly affect W 10 or Δλ 10 . 15 A few of the outliers-RY Tau, GK Tau, and V836 Tau-have been suggested to have radial gaps on the basis of their infrared CO-line emission (Najita et al. 2003 ). • (light red to light violet centers). Note that the models for disks with smallest ε all predict n 13−31 and W 10 values corresponding to the densest concentration of data points. Note also that for increasing ε, the models form tracks radiating from this dense concentration along positive slopes to encompass most of the rest of the data points.
Search for Trends Among the Crystalline Emission Features and System Properties
The solid matter that we observe originated in small, amorphous interstellar grains, and underwent their transition to a partially crystalline state while in their present disks; we can hope that trends among the observed crystallinity and other properties of the disks and central stars would reveal the mechanism of transition. Therefore, we have searched for correlation between the crystalline indices and mass, luminosity, and accretion rate of the host star(s), and with the disk mass and disk/ star mass ratio. A crystallinity trend with the former three properties might be traceable to radiative vaporization of grains at the center, or annealing within the disk. A correlation among crystallinity and disk mass or disk/star mass ratio may point to spiral density waves and shocks as the means of dust processing, because the propensity for the development of fluid instabilities in the disk is linked to these quantities. The Taurus cluster age, 2 Myr, is much longer than the timescale (10 4 −10 5 years) for complete conversion to crystallinity by any of these mechanisms (Gail 2004; Harker & Desch 2002) . Thus, we can test most of the proposed grain-crystallization processes.
The results of the search are shown in Table 4 , Figures 9 and 10 and are easy to summarize: there is a striking lack of strong correlation between crystallinity and any of the global properties of the protoplanetary systems. The correlation coefficients r are the lowest, and the probability of reproduction by a random distribution, p rand (r, N ), the highest, among all of the correlations we calculate in Table 4 . Correlation between crystallinity and stellar mass or luminosity can be rejected with particularly high confidence. The lack of correlation with disk mass or disk/star mass ratio needs to be regarded more cautiously, as submillimeter-continuum-derived disk masses are probably substantial underestimates of the true disk masses (e.g., Hartmann et al. 2006) . The lack of correlation we observe may still be significant, if the submillimeter-derived diskmass estimates are systematic underestimates. Taken together, these lacks of correlation weaken the cases for central grain evaporation/condensation and radial mixing, and-with the caveats above-for in situ annealing due to spiral-shock heating.
Two sets of weak trends emerge, though, at the level of r ∼ 0.2 and p rand = 5%−10%, involving two system parameters which are uncorrelated themselves.
Weak Trends of Crystallinity with Stellar-Accretion Rate
The stellar-accretion rate is negatively correlated with the pyroxene index P 10 , and positively correlated with the olivine and silica indices O 10 and S 10 . This is not as helpful as it sounds. The trends are weak enough to be difficult to discern in Figure 10 , so we cannot place tremendous confidence in their reality. Taking them at face value, and taking present stellaraccretion rate as a tracer of the past accretion-processing rate in the disk, they contradict the models of annealing by viscous heating in the inner disk, which would predict positive correlation for both pyroxenes and olivines (Gail 2001 (Gail , 2004 Nuth & Johnson 2006) . The simplest situation calling for opposite trends in pyroxenes and olivines would be the approach by different degrees to chemical equilibrium at high temperature, which would favor pyroxenes-orthoenstatite, in particular-over olivines (Gail 2004) . In turn, such a situation would be related to accretion rate, if crystallization were a result of evaporation and re-condensation close to the star, and if accretion luminosity were a significant fraction of the total.
Weak Trends Involving Stellar Multiplicity
Stellar multiplicity is correlated positively with O 10 and S 10 (but not P 10 or O 33 ), and negatively with the 10 μm silicate feature width Δλ 10 (but not the equivalent width W 10 ) and the continuum spectral index n 6−13 (but not n 13−25 or n 13−31 ). In Figure 9 , the correlation of multiplicity with O 10 , and the lack of correlation with O 33 , can be clearly seen. This could potentially be a trace of the stronger correlation noted above between crystallinity and sedimentation, and an indication that at least dust in the inner disks tends to be more settled in multiple systems; note, however, that there is no correlation between multiplicity and dust settling in the outer disk (Furlan et al. 2006 ; see also Table 4 ).
Origin of the Dust-Crystallinity Variations
In summary, we can say that none of the standard models of dust-grain crystallization are consistent by itself with the present large body of silicate and silica data in Taurus. It would help to have a heating or mixing process capable of dominating the effects discussed above, that can exhibit wide variation among systems which appear similar at visible-IR wavelengths. Alternatively, it would do to have one or more of the standard dust crystallization/mixing mechanisms in operation, but along with an additional process within the disk that erases the trends among observable quantities that are produced thereby. We hereby offer one suggestion of each type.
High-Energy Annealing of Dust Grains
The propensity for high X-ray luminosity varies substantially among Class II YSOs of given mass or spectral type (see, e.g., Preibisch et al. 2005) . Even more unpredictably variable is the propensity for X-ray flaring, and X-ray flares can be extremely luminous. Given large enough X-ray luminosity, it is possible by absorption of multiple X-rays to anneal or vaporize small grains throughout the inner-disk surfaces, in situ. This mechanism would naturally produce crystalline dust mass fractions that are no better correlated with stellar, disk, or accretion properties than are the X-ray properties. It is possible to test this suggestion by a search for trends among silicate-grain crystalline mass fraction, and X-ray luminosity and flaring frequency. Some of these comparisons could be made between the present base of data and the XMM-Newton X-ray survey of Taurus (Güdel et al. Table 1 , against the stellar luminosity, stellar mass, disk/star mass ratio, and accretion rate from Table 3 . (A color version of this figure is available in the online journal.) 2007). One particularly intriguing experiment of this sort would be to acquire mid-IR silicate-feature observations of the YSOs in the Orion clouds that were detected in the COUP X-ray survey (Getman et al. 2005) , as this sample is large and contains many examples of X-ray-flaring YSOs (Favata et al. 2005 ).
Giant-Planet Formation and Migration: the "Born-Again" Disk
This idea was discussed briefly by S06. Giant-planet or brown-dwarf formation in the disk within the first 1-2 Myr of system life, and the subsequent clearing of the disk interior to the new companion's orbit on ∼ 3000 orbit timescales, is currently the best explanations for the remarkably sharp inner edges, the virtually dust-free central clearings or radial gaps, and the pristine state of the remaining optically thin dust, in transitional-disk systems such as DM Tau (Calvet et al. 2005; Varnière et al. 2006 ) and GM Aur (Calvet et al. 2005) . However, the stability of the resulting configuration depends upon the relative masses of companion and outer disk. As soon as the inner edge of the disk accumulates a mass comparable to that of the companion, type II orbital migration (e.g., Nelson & Papaloizou 2004; Terquem 2004) for typical parameter values (viscosity parameter α = 0.01, the ratio of sound and orbital speeds c s /v orb = h/r = 0.05, orbital period τ orb = 40 years). This suggests the following scenario.
1. A protoplanetary disk like that around IS Tau, through its life, has had its dust population settle vertically and undergo compositional changes-in particular, it has developed a high crystalline mass fraction in its inner regions, by any of the means discussed above. Suddenly it gives rise to a giant planet, several AU away from the central star. 2. Torques from the new planet assist in the rapid ( 10 4 year; Varnière et al. 2006) clearing of the inner disk, which virtually eliminates all of the crystalline dust. The massive outer disk remains, its dust essentially pristine, and its further progress toward the star is blocked by the planet's mean-motion orbital resonances. Its structure and mid-IR spectrum now resemble those of DM Tau, which has a massive outer disk. 3. A few hundred thousand years later, the duration depending upon the mass of the planet, Type II orbital migration commences, and about 10 5 years further, the planet is gone and the central clearing has been backfilled with pristine material. Now, although it may be well over 1 Myr old, and extends to small radii, the disk's dust is like new throughout; it is "born again." Its spectrum resembles that of UY Aur. 4. This is repeated, if possible, until the outer disk is no longer capable of migrating the planet. The end structure, and spectrum, might resemble those of CoKu Tau/4, for which the outer disk is apparently not very massive, though in this case the disk appears to be truncated by the binary star it contains (Ireland & Kraus 2008) instead of a giant planet.
In a population of disks in various stages of this process, a very wide range of inner-disk crystalline mass fraction would be evident, ranging from essentially zero in the "born-again" disks to nearly unity in disks that have gone a long time between giant planets. We would thus see no strong trends of crystalline-dust mass fraction with stellar, accretion, or disk properties.
CONCLUSIONS
We have characterized the crystalline-silicate content of the protoplanetary disks of Taurus and explored the relations between the contents and the other observable features of the disks and their central stars. The main conclusions are as follows.
1. The easily calculated crystalline indices (Figure 3 ;
Equations (1) and (2); Table 1 ) that we have constructed serve adequately as proxies of the mass fractions of crystalline pyroxenes, olivines, and silicas in the optically thin surface layers of protoplanetary disks. The indices may also be sensitive to large-grain mass fractions, as has been found for what we call the O 10 index in Herbig Ae/Be systems (e.g., van Boekel et al. 2003 ), but we find in this sample of Class II YSOs that all of the indices are more tightly correlated with mineral mass fractions. 2. The sample exhibits a range of crystalline-silicate dustmass fraction in its inner disks-from essentially none to nearly 100%-that is surprisingly wide, considering that the disks, their ages, and their central stars are so similar (Figures 2 and 5 , Table 1 ). Especially worthy of note is a small fraction (2%) of the population that exhibits silicate features indistinguishable from the interstellar profile, but is otherwise quite similar to the more heavily processed majority. The frequency of appearance of the long-and shortwavelength crystalline-silicate emission features indicates that the crystalline silicates are confined to the central several AU of the disks, as expected. 3. Correlations among the crystalline indices, the equivalent widths and full widths at half-maximum of the silicate complexes, and the continuum spectral indices of the underlying, optically thick disks, are all consistent with a general increase in crystalline-silicate dust-mass fraction as more of the dust settles to the midplane (Table 4 , Figure 7) . Presumably, this joint evolution in dust composition and disk structure is accompanied by grain growth, but our technique is not capable of revealing this. 4. The crystalline indices are uncorrelated with stellar mass, stellar luminosity, disk mass, and disk/star mass ratio (Table 4 , Figures 9 and 10 ). Only weak correlations of some of the crystalline indices are seen with stellaraccretion rate and stellar multiplicity. These results appear to contradict the predictions of all of the standard models of crystalline-silicate production and radial mixing of dust, in their current forms. Either another grain-crystallizing mechanism dominates over these, or another process must be at work within the disks to erase the correlations they produce. 5. Accordingly, we propose one of each sort that seems qualitatively not to be contradicted by the sum of the evidence, and thus to be worth further investigation. X-ray heating and annealing of dust grains is introduced as an alternative dust processing mechanism. Giant-planetary formation and migration, which would erase the correlations that the standard models of dust-grain processing would produce, is introduced as an adjunct to these models.
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